In patients with postgenicular lesions of the visual system, areas of residual vision (ARVs) are the main predictor of recovery induced by vision restoration therapy (VRT). In these partially defective regions, the elevated perceptual thresholds can be acutely reduced by attentional cueing. Objective: To examine whether directing attention to ARVs using a visuospatial cue also increases long-term neural plasticity and thus enhances permanent training outcome. Methods: In a prospective, randomized clinical trial, treatment outcome was compared in patients with postgenicular visual system lesions who received either standard VRT (control group [CG]; n ϭ 10) or VRT with attentional cueing (experimental group [EG]; n ϭ 9). Visual field size was determined before and after a 6-month treatment period using Tübingen Automated Perimetry and computer-based high-resolution perimetry (HRP) and in regular intervals throughout this period by HRP and detection performance in VRT. Results: In the area of the cue, restoration of vision was significantly greater than during VRT without cueing: cued patients showed a much more pronounced shift of the visual field border toward the blind area than that observed in the CG or in uncued regions of the EG. Focusing attention at ARVs during treatment changed topographic and temporal patterns of recovery as compared with uncued regions of the visual field. Conclusions: Use of a visuospatial cue to focus attention at areas of residual vision amplifies long-term neuronal plasticity. The authors propose that top-down signals preactivate partially damaged areas of V1, thus linking visual and attentional neuronal networks, with the effect of permanently increasing conscious visual perception.
Visual field defects resulting from lesions in the visual areas of the brain are still considered "untreatable" by most clinicians because the well-organized visual pathways are regarded as hard-wired and hence loss of visual function is deemed irreversible. However, after lesions affecting the visual field, many patients show marked improvement of visual function during an early phase of spontaneous recovery that typically lasts a few weeks or months. 1, 2 This recovery phase is a clear indication that the visual system possesses a capacity for plasticity. In spite of this, no effort is made to help patients regain further function after spontaneous recovery is completed, but instead visual rehabilitation usually focuses on compensatory training of eye movements into the blind field. 3 Training-induced recovery of visual functions has been observed on the behavioral level for over two decades, 4, 5 and a series of animal experiments 6 and more recent studies in humans indicate that vision restoration therapy (VRT) increases the size of the intact visual field even many years after brain damage. [7] [8] [9] In contrast to traditional therapeutic approaches, VRT aims at regaining the lost visual function by systematic light stimulation of the visual field border, not at a compensation for the visual field defect.
Several studies demonstrate that areas of residual vision (ARVs) in the patients' visual fields (also termed transition zones or relative defects) are the major predictor of treatment outcome. [8] [9] [10] In these areas, which presumably reflect partially injured regions of primary visual cortex, thresholds of light detection are markedly elevated compared with corresponding intact zones in the visual field, indicating that neural activation in response to suprathreshold stimulation is subnormal. Visual evoked potentials recorded after steady-state stimulation of ARVs have a lower amplitude than those in intact areas in the same hemifield. 10 When ARVs are systematically stimulated with light, as during VRT, activation can be increased and patients become able to perceive visual stimuli in parts of the visual field that had previously been unresponsive or where suprathreshold stimuli had not reliably been detected. 9, 10 Thus, it is conceivable that training effects might be augmented if neural activation could be further enhanced in partially lesioned regions of the brain.
Behavioral, neurophysiologic, and imaging experiments indicate that neural activation can be enhanced by visuospatial attention procedures. Focusing attention to a specific part of the visual field benefits visual processing in that area; for example, reaction times are reduced, and stimuli are detected or discriminated more easily than when attention is distributed in a diffuse manner across the visual field or directed elsewhere. [11] [12] [13] [14] Such effects are explained by the increased neuronal activation in circumscribed regions of the visual cortex demonstrated in single-cell recordings, 15, 16 electrophysiologic experiments in humans, 17 and brain-imaging studies. 18, 19 Within the focus of attention, the signalto-noise ratio increases, resulting in improved performance. The benefit of attention is particularly obvious under difficult perceptual conditions, 10 because the signal-to-noise ratio is low, which in normal subjects may arise from specific stimulus conditions such as low contrast between stimulus and background. In patients with lesions in the visual system, a low signal-to-noise ratio may result from reduced neural activation in ARVs, producing difficulties with perception.
In an earlier study, 10 we showed that a visuospatial cue that is designed to help patients focus attention at the visual field border enhanced perceptual performance in ARVs on a trial-by-trial basis within a few hundred milliseconds after its presentation. Because only permanent improvement of vision is of practical value for patients with visual field defects, we now report long-term effects of attention on training-induced recovery of vision: Treatment outcome is enhanced when attentional cueing is repeatedly combined with systematic light stimulation during VRT compared with VRT using light stimulation alone.
Methods. All eligible patients who were recruited within a period of 2 years were included in the study. Nineteen patients with homonymous visual field defects after postgenicular lesions participated in the study (table 1) . Patients younger than 18 or older than 75 were excluded, as well as volunteers with damage to the aximal vertical eccentricity at 30-cm viewing distance). Patients were instructed to press the space bar on the computer keyboard when they detected a stimulus and in response to the program's fixation control, an equiluminant change in the color of the fixation point. Fixation was also controlled by the experimenter, who observed the subject's eye position in a mirror.
Results of five campimetric tests were superimposed and the detection probability calculated for each stimulus position. For each patient, the ARV was defined as the area at the visual field border enclosing stimulus positions where detection probability was between 20 and 80%. Visual field size was also determined using standard Tübingen Automated Perimetry ([TAP] 2000; Tübingen Electronic Campimeter, Tübingen, Germany).
Pretraining baseline examinations were carried out over at least 4 weeks. Patients were subsequently assigned randomly to either the experimental group (EG), which received VRT with attentional cueing in the upper visual field, or the control group (CG), which received standard VRT without any cueing in both upper and lower visual fields, alternating with respect to the time of their last pretraining test. Patients were not told which type of training they received; a double-blind control was not possible owing to staff limitations. Because the principal effect of VRT training had already been shown in a placebo-controlled doubleblind study 7 and we sought to investigate the additional effect of visuospatial attention on recovery of visual function, we did not include a placebo group. Each patient's ARV was determined based on five HRP tests (see above). The training area was then adjusted to the visual field border of that individual.
Training stimuli appeared on a dark computer screen, each target increasing in brightness in four steps from dark gray (30 cd/m 2 ) to bright white (96 cd/m 2 ) over 2,000 milliseconds (figure 1). Stimulus size, fixation control, mode of response, and viewing distance were identical to those used for HRP. For VRT with attentional cueing, the training stimulus was preceded by a large (12 ϫ 12°visual angle) dim gray cue frame enclosing a predetermined segment in the upper visual field that included parts of the intact and blind fields as well as ARVs. The frame appeared for 200 milliseconds and was followed at a randomized interval (mean stimulus onset asynchrony: 1,000 milliseconds, range 750 to 1,250 milliseconds) by a training stimulus presented in the area that had been stimulated by the cue frame (the attention field).
In each training session, patients received 500 training stimuli. In the EG, approximately one-third of the trials, that is, those where the target was to be presented in the attention field, were preceded by a cue. Targets were presented at random locations within the upper and the lower visual fields. Depending on the percentage of stimuli detected, the duration of each training session was approximately 30 to 35 minutes.
Before the training started, each patient was acquainted with the procedure and instructed to create training conditions at home that were as similar as possible to the diagnostic settings in the laboratory. Patients performed the training in six training units, each lasting approximately 1 month. A unit consisted of 56 sessions, with two sessions per day. Data from each session were saved on a disk, and patients received feedback on the number of stimuli detected after the end of each session.
At the end of each training unit, patients returned to the laboratory for control examinations: Visual field size was assessed by HRP, training results were analyzed, and the training area was readjusted to accommodate changes in the border of the visual field. After the sixth training unit, posttraining measurements were performed that were essentially identical to pretraining baseline examinations, particularly with regard to campimetric and perimetric testing.
Data were analyzed using the SPSS program (SPSS Inc., Chicago, IL). Where appropriate, data from the left and right hemifields were collapsed for the analysis. Wilcoxon, Mann-Whitney, Kendall W, and t-tests, Spearman correlation coefficient, and analysis of variance were used to compare data. An ␣ of 0.05 was applied for all tests with appropriate ␣ adjustment whenever multiple comparisons were made.
Results. In agreement with previous studies, 7 VRT resulted in a significant increase of the size of the intact visual field. The number of absolute defects in Tübingen Automated Perimetry decreased, stimulus detection performance in HRP increased, and the border of the visual field shifted toward the blind area (table 2) .
To test whether the introduction of the cue had an additional effect on treatment outcome, we compared training results between the EG (VRT with attentional cueing) and the CG (VRT without cueing). In addition, we used each patient in the EG as his/her own control, enabling us to analyze differences between cued and uncued areas of the visual field within individuals. Comparison between groups revealed that for patients in the EG, the gain was more pronounced in the upper visual field for almost all variables, particularly campimetric and perimetric measures, than in the lower visual field. Overall results from the CG resembled those from the lower visual field in the EG. Because of the small sample size and the high variability of patient data, between-group differences were not significant when performance in the complete visual field was measured, but the use of the cue changed the topography of the recovery pattern. In HRP (without cueing), patients in the EG showed a more pronounced shift of the visual field border in the area that had been cued during training than in the noncued lower visual field. However, patients in the CG performed better in the lower visual field than those in the EG (figure 2) where they had larger ARVs than the EG.
Considering data from all patients (n ϭ 19), the main predictor of training outcome was the size of the ARV at the start of the study, that is, correlation of increased campimetric stimulus detection and size of ARV before 
When data from the training sessions were analyzed, the advantage of the EG over the CG became more obvious: The effect of cueing in the EG was clearly visible both in individual patients ( figure 3 ) and in the averaged data for the group (see figure 2) . The increased performance in the cued area was significantly better in the EG than in the corresponding region of the visual field in the CG (table 3). In the uncued field, no such difference was seen between groups.
A qualitative topographic analysis of the patterns of recovery in single patients over the course of training revealed that the cue dramatically influenced the dynamics of the shift in the border of the visual field toward the blind area. In uncued regions, the shift was more pronounced in peripheral than in central parts of the visual field, resulting in an oblique visual field border (see figure  3 ). In the cued field, by contrast, improved stimulus detection was more pronounced, and the area covered by the cue frame had to be gradually shifted into the blind field throughout the training period to accommodate this. In some patients, the local shift in the border resulted in the intact field assuming a square shape that appears as if "cut out" of the defective zone (see figure 3) .
Comparing performance in the training sessions between the upper (cued) and lower (uncued) visual fields in the EG showed that the difference between them increased over the training period (t ϭ Ϫ2.778, p ϭ 0.008); however, there was no difference between upper and lower fields in the CG (t ϭ Ϫ0.175, p ϭ 0.862). The difference between the EG and the CG also became clear when data analysis was based on the changes in individual patients. We determined for each subject whether the difference between stimulus detection in the upper and lower fields increased significantly over the training period, indicating an advantage of stimulus detection in the cued field. Substantially more EG patients showed an increase in the upper field than CG patients (2 ϫ 2 2 ϭ 4.550, p ϭ 0.050). Thorough analysis of the course of improvement measured by HRP (without cueing) throughout the training phase revealed another interesting difference between the EG and CG: All 19 patients already showed a significant improvement in HRP detection performance after the first training unit. After this, progress was fairly constant, reaching maximum performance in the fifth unit and dropping off slightly in the final unit. Progress in the CG re- This table summarizes the primary outcome variables before and after vision restoration therapy (VRT). Data were pooled for both groups; i.e., they comprise the complete patient sample (n ϭ 19). The number of absolute defects in Tü bingen automated perimetry (TAP) is shown separately for each eye. Performance in high-resolution perimetry (HRP) was measured binocularly and expressed in number of stimulus detections (hits). The eccentricity of the visual field (VF) border was measured using HRP and in degrees of visual angle (mean Ϯ SEM).
Figure 2. Modification of topographic patterns of recovery induced by visuospatial cueing (group results). The shift of the visual field border toward the blind field (difference between position of the visual field border before and after training) as determined at different vertical eccentricities by high-resolution perimetry (HRP) (data collapsed for left and right hemifields). In the control group (black bars), which received training stimuli but no cue, the border shift was more pronounced in the lower than in the upper visual field because the size of areas of residual vision was larger in the lower than in the upper visual field. In contrast, the experimental group (gray bars) showed better recovery in the upper visual field, where the cue preceded training stimuli. Bars show mean shift ϩ SEM.
sembled that of the complete sample in the first two units, but thereafter stimulus detection was not noticeably enhanced. In contrast, patients from the EG experienced a stronger increase of campimetric stimulus detection, and significant progress was found until the fifth unit of training. Taking only data from the cued area into account, the advantage of the EG over the CG was even more pronounced, but the sample was too small and variance of data too high for the difference to reach significance. Based on data from the training sessions, the EG had some advantage in the course of recovery of detection performance for the complete visual field over the CG, but the difference was not significant. However, comparing detection between the cued area in EG patients with the analogous uncued area in CG patients showed that the difference tended to significance toward the end of the training period. Thus, both campimetric testing (without cueing) and the data from the training sessions show a pronounced increase of stimulus detection despite the high variance in the data. The advantage of the EG became obvious only when data from the cued field in the EG were compared with those for the corresponding uncued area in the CG. The lower visual field (uncued in both groups) showed no difference in performance under the same training conditions. Discussion. Our study replicates earlier findings 7 that systematic stimulation of ARVs with light during conventional VRT increases the size of the intact visual field. Patients' fixation behavior and error rates were closely monitored so that the training effects cannot be accounted for by a shift of the patients' fixation or a criterion change. 9, 10, 20 Moreover, the topographic patterns of recovery cannot be easily explained by a fixation shift, as in this case we would have expected either a parallel shift of the visual field border or a more pronounced "gain" in the central field, in which eye movements would scan faster and more easily than more peripheral parts of the visual field. 10 Neither pattern was found in our data. VRT significantly increased stimulus detection performance. Adding a visuospatial cue to the original training procedure, that is, in VRT with attentional cueing, which was done by the EG, further improved stimulus detection performance and changed the topographic pattern of recovery as well as its time course. Although the importance of attention had been emphasized in earlier studies of training-induced restoration of visual functions, 4, 5 we have separated the effects of activation by simple light stimulation from those resulting from orienting attention at the border of the visual field.
Although the cue itself is, of course, also a light stimulus, the pattern of improvement cannot be explained by the additional light stimulation of the cue frame: First, the luminance of the cue was way below the threshold of perception in ARVs or the blind field; hence, the patients had to complete the frame mentally to the Gestalt of a square because they did not perceive it completely. Additionally, the line of the frame was very thin and the presentation time too short for the cue to be an "optimal" stimulus for restoration therapy. Had the cue worked only as a bottom-up stimulus, we would have expected a "frame-shaped" improvement, that is, a local visual field increase at those positions where the lines of the cue frame had been located. Instead, we found that the improvement spread over the complete area enclosed by the cue, resulting in a square-shaped form cut out of the visual field border in most patients. We therefore suggest that the cueing effect is indeed mediated by top-down control of visuospatial attention and cannot be explained by bottom-up mechanisms. The implementation of the cue into the VRT program improved the topographic pattern of recovery. This became obvious not only when patients from the CG and EG were compared, but also when patterns of recovery between the upper (cued) and lower (uncued) visual field of EG patients were examined. As this advantage was also observed in the posttraining diagnostic sessions where HRP was performed without a cue, we suggest that repeated attentional cueing induced a permanent benefit in EG patients.
Figure 3. Modification of topographic patterns by visuospatial cueing (single-case results). Comparison of training results for a patient from the control group (A) (a woman, age 36, cerebral infarction, 39 months since lesion) with a patient from the experimental group (B) (a woman, age 40, cerebral infarction, 36 months since lesion). Graphic displays are presented of stimulus detection from the beginning (upper row) and the end (lower row
We hypothesize that standard VRT reactivates neurons in partially defective regions of the visual cortex 6, 21 and increases receptive field size in this population. Reactivating cells with small receptive fields representing the center of the visual field induces only a small shift of the visual field border toward the blind area. In contrast, the reactivation of the same number of cells representing the periphery of the visual field induces a more pronounced increase of intact visual field because these neurons have larger receptive fields. This induces the typical pattern of recovery observed in patients of the CG (see figure 3) , that is, an oblique visual field border from the center to the periphery, which may be expected from the architecture of the primary visual cortex. VRT with attentional cueing changes this pattern of recovery: In the cued area, there is a large, almost parallel shift of the visual field border, whereas in the uncued regions, the topographic pattern is similar to that described for the CG. We speculate that focusing attention on ARVs boosts activity in partially defective cortical regions representing ARVs. This additional activation seems to spread laterally, presumably by activating long-range horizontal connections in the visual cortex, so that the shift of the border toward the blind field is enhanced and the regular topographic pattern of recovery is modified.
The improvement of stimulus detection performance in the EG was more prolonged and continuous than in the CG. Because both groups showed a similar rate of improvement in the first two units, the additional benefit of the cue seems to take longer to develop.
Possibly, in the early phase of training, the gain of intact visual field was predominantly caused by light stimulation in both patient groups; that is, the "rewiring" of neuronal connections should have taken place mainly within the visual cortex. In CG patients, the capacity for this type of plasticity was used up after a few training units. However, the repeated simultaneous activation of visual and attention networks in EG patients induced additional improvement that took longer to fully develop, presumably because in addition to visual regions, brain areas supporting attentional functions were involved in the processes of plasticity, most likely frontal and parietal areas.
In conventional VRT, the size of the ARVs before training is the main predictor of training outcome. 7, 8, 10, 22 This finding was replicated in our study when data of the complete patient sample were taken into account. But surprisingly, a more detailed examination revealed that this was true only for uncued regions. In the attended field, the improvement was more pronounced even in patients who had smaller ARVs. This indicates that the effect of visuospatial attention may add to the effect of the light stimulation used in standard VRT. Presumably, focusing visuospatial attention at ARVs helps to reactivate neurons that were not responding to light stimulation alone as applied during standard VRT.
Psychophysical measurements, recordings of neuronal activity in animals, and EEG experiments in hemianopic subjects as well as subjective reports from patients all indicate that thresholds of perception in ARVs are elevated. 6, 9, 10, 21, [23] [24] [25] [26] [27] This reduced quality of visual perception may be caused by the presence of partially defective areas with a reduced net output activity of neurons near the lesion site. The behavioral variables measured in our study (i.e., stimulus detection probability and reaction times) but also the subjective reports of the patients regarding the quality of the percept indicated that the thresholds of visual perception in regained areas had returned to a normal level. This increase in perceptual sensitivity may have been paralleled by enhanced activation of neurons in partially defective brain regions.
An increase of neural activation can be brought about by systematic light stimulation, 7, 22 that is, by triggering the bottom-up pathway, which was done in early approaches of incremental threshold treatment 4, 5 or conventional VRT 7 as used in the CG in the current study. Alternatively, top-down activation can be induced by visuospatial attention. 16 Numerous experiments in animals and normally sighted humans have shown the positive influence of attention on thresholds of visual perception and on detection performance. beneficial effects of attention, we expected and have established that the repeated combination of bottom-up activation (i.e., light stimulation) with top-down manipulation of activity through visuospatial cueing of attention would more effectively restore visual functions. Patients with visual field defects usually direct their focus of attention to the intact field, and so the signals processed in ARVs are of too low quality to be useful for visual tasks in everyday life. We think that using the cue in the training procedure helped narrow down the focus of information processing, thereby improving the signal-to-noise ratio and stimulus detection performance. 16, [29] [30] [31] [32] This effect was found not only immediately after the cue was presented, 10 but, as we show here, also permanently, resulting in improvement of visual function as compared with conventional training methods (figure 4).
We propose that the cue induces a voluntary shift of attention to ARVs. This mechanism is presumably controlled by prefrontal, 33 parietal, 34 and inferotemporal 35 regions. Attending to the cued region preactivates the visual cortex 36, 37 so that the threshold of conscious perception is reached more easily. Repeated combination of the top-down cueing effect and the bottom-up effect of light stimulation should change patterns of activation and thus permanently alter synaptic efficacy 15, 21 according to the principle of Hebbian synapses, 38, 39 possibly resulting in new or enhanced synaptic connections between visual and attentional networks.
The physiologic basis of the processes of plasticity reported here may lie in the increase of receptive field sizes of neurons near the lesion area and the strengthening of long-range horizontal connections in V1, which usually exhibit subthreshold activity. 15 Activation of these connections can be increased by both bottom-up and top-down stimulation. The increase of receptive fields representing areas near the defective zone may explain the sequential shift of the visual field border observed over the course of training. The reactivation of long-range horizontal connections would account for the more pronounced shift of the visual field border in the cued area and for the local specificity of the attention effect that we have reported.
Although the basic mechanisms discussed here may help to explain how vision can be improved by combined VRT and cueing of attention, they must remain speculative at present. However, all the potential mechanisms that have been suggested here are affected not only by light stimulation but also by attentional influences and could explain the additional effects of attentional cueing on visual field enlargement.
Whatever the mechanisms may be that mediate the interaction of attentional and sensory functions, our data suggest that attention is a useful tool to improve visual rehabilitation in patients with brain lesions. We believe that these findings may be generalized to other sensory modalities, motor functions, and domains: Instead of repetitive application of bottom-up stimulation, neurorehabilitative approaches could be made more efficient by taking into account top-down influences. Moreover, the idea that brain plasticity can be manipulated essentially by "focused attention" in a goal-directed and efficient manner is fascinating and has many potential applications in the field of neurorehabilitation. 
